The maintenance of pluripotential embryonic stem (ES) cells is dependent on the cytokine LIE This report documents the mRNA expression profiles of LIF and the two components of the LIF-receptor complex, LIF-R and gpl30, during early mouse embryogenesis. These mRNAs were undetectable in i-or Z-cell embryos, but all were present by the blastocyst stage. LIF transcripts were localised in the differentiated trophectoderm, and were absent from the pluripotential inner cell mass. In contrast, LIF-R mRNA was found in the inner cell mass but not in the trophectoderm. This complementary pattern of expression is suggestive of a paracrine coupling between stem cells and differentiated progeny at the earliest stage of mammalian development. After implantation, transcripts for all components were down-regulated in the embryo. High levels of LIF-R and gpl30 mRNAs were observed in the deciduum, however. These dynamic, tissue-specific expression patterns are consistent with regulatory roles for LIF or related cytokines, both in the maintenance of pluripotency in the mouse embryo, and in development of the foeto-maternal interface.
Introduction
The initial segregation event in the mouse embryo occurs 3 days after fertilization during the process of compaction. Two distinct populations are then generated, a specialized epithelial cell layer, the trophectoderm, and a pluripotential stem cell lineage, the inner cell mass (ICM). The cells of the ICM are founders of extraembryonic membranes and of all the tissues of the embryo proper, including the germ cells. The controlled proliferation and differentiation of these stem cells is essential for normal embryogenesis.
Under certain conditions, pluripotential cell lines can be established from cultured ICMs (Evans and Kaufman, 1981; Martin, 198 1) . The pluripotency of such embryonic stem (ES) cells can be sustained indefinitely, either by coculture on a feeder layer of mitotically inactivated mouse * Corresponding author. Tel.: +44 131 6505890; fax: +44 131 6670164. embryo fibroblasts, or by provision of the cytokine LIF, which specifically inhibits ES cell differentiation (Smith and Hooper, 1987; Smith et al., 1988; Williams et al., 1988) . Cellular responses to LIF are mediated by interaction with a specific receptor complex. Ligand binding to the low affinity LIF receptor subunit (LIF-R; Gearing et al., 1991) induces heterodimerization with a second component, gp130 (Taga et al., 1989; Hibi et al; Murakami et al., 1991) , to produce a high affinity actively signalling receptor (reviewed by Kishimoto et al., 1994) . Other cytokines which act through this particular receptor system have recently been shown to share with LIF the ability to maintain ES cell pluripotency (Yoshida et al., 1994) .
The close similarity between ES cells and stem cells in the early embryo suggested that signalling through the LIF-receptor complex may play a role in maintenance of pluripotency in vivo (reviewed by Smith, 1992) . The finding that ES cell lines can be derived from embryos directly by culture in the presence of LIF (Nichols et al., 1990; Pease et al., 1990 ) lent support to this idea. More recently, however, gene disruption experiments have indicated that development can proceed to advanced stages in the absence of either LIF (Stewart et al., 1992; Escary et al., 1993) , LIF-R (Li et al., 1995; Ware et al., 1995) or gp130 (Yoshida et al., in press) .
In order to assess whether this ligand/receptor system may have any role in early embryogenesis, we have employed reverse transcription-polymerase chain reaction (RT-PCR) and in situ hybridisation to investigate the expression and distribution of LIF, LIF-R and gp130 mRNAs. We report that these mRNAs are present in the early embryo. Moreover, their temporally and spatially restricted patterns of expression are consistent with a function in the regulation of pluripotency.
Results

Expression of LIF, LIF-R and gp130 mRNAs in preimplantation embryos
RT-PCR was adopted for investigation of expression in early preimplantation stages, with the proviso that such a technique under these conditions cannot be considered as quantitative.
Embryos were harvested in simple salt solutions, as it has previously been shown that LIF expression is induced by serum factors (Rathjen et al., 1990a) . The integrity of all samples was verified by successful amplification of cDNA encoding the protein tyrosine phosphatase ESP (K. Lee et al., manuscript in preparation). ESP expression is associated with undifferentiated ES cells and can also be detected in the stem cells of the early embryo, notably in cleavage stages and in the ICM and epiblast. No amplification products were detected for LIF, LIF-R or gp130 mRNA in samples from precompaction embryos. Transcripts encoding LIF were first detected at the morula stage (Fig. lA) , and LIF-R and gp130 mRNAs were apparent by the blastocyst stage (Fig.  lB,C) . Using this method, transcription of all three genes could be detected throughout the stages investigated until the early egg cylinder. These data do not provide information regarding the relative levels of mRNAs in expressing cells, nor do they offer insight into the localisation of transcript expression within the embryo.
To address these issues we employed in situ hybridisation. Transcripts were detectable in blastocysts, consistent with the RT-PCR data. LIF mRNA was not uniformly distributed, but was localised in the trophectoderm ( Fig.  2A) . To determine if this mRNA encoded diffusible or matrix-associated LIF (Rathjen et al., 1990b) , hybridisation was performed using a probe specific for mRNA encoding the diffusible form of LIF. A similar pattern of hybridisation was observed (data not shown), indicating that at least some of the LIF produced by the trophectoderm is diffusible.
Trophectoderm-specific expression was also seen in implantation stage blastocysts (4.5 dpc), and was maintained in blastocysts in diapause induced by ovariectomy (data not shown). In contrast to the trophectodermal expression of LIF, LIF-R transcripts were localised to the ICM and were undetectable in the trophectoderm (Fig. 2B ). gp130 mRNA was also readily detectable in the ICM (Fig. 2C) . Weak gp130 hybridisation could be detected over the trophectoderm in some cases. A more widespread distribution of gp130 mRNA relative to LIF-R mRNA may reflect the involvement of gp130 in other receptor complexes not involving LIF-R.
Signals for all the components of the LIF system in blastocysts were faint; optimal detection required an exposure time of 6 weeks using 35S-labelled probes. Under similar conditions, mRNA encoding the ligand-specific subunit of the ciliary neurotrophic factor receptor (CNTF-R) remained undetectable at the blastocyst stage (not shown). Transcription of this receptor component in the blastocyst was investigated since CNTF is able to main-tain the undifferentiated state of established ES cell lines (Conover et al., 1994; Yoshida et al., 1994) . Interestingly, it has not been possible to derive germline-competent ES cell lines from blastocysts using medium supplemented with CNTF . This failure may be attributed to the absence of CNTF-R in the ICM.
Postimplantation expression of LIF, LIF-R and gp130 mRNAs
After implantation, very weak hybridisation to the LIF probe could be detected at 5.5 dpc; a few autoradiographic grains were apparent over the extraembryonic region, including the ectoplacental cone. A faint halo was also evident surrounding the embryo, representing expression in either trophoblast, parietal endoderm or decidual cells (Fig. 3A,D) . By 6.5 dpc no signal above background could be seen in embryonic or extraembryonic tissues.
LIPR or gp130 transcripts were not evident in the egg cylinder-stage embryo (Fig. 3B ,C,E,F). However, the decidual tissue surrounding the embryo showed a relatively high level of receptor gene expression. The transcripts were distributed in a gradient with the highest levels in regions of the deciduum immediately surrounding the embryo. In the case of LIF-R, the level of mRNA decreased with time, becoming restricted to a small area near the placenta by 8.5 dpc. By means of Northern hybridisation, 3 kb and 10 kb mRNAs encoding the soluble and transmembrane forms of LIF-R, respectively, were found in decidua (not shown). In contrast, the decidual expression of gp130 increased over the stages investigated, so that by 8.5 dpc the whole deciduum was covered with grains, although a gradient of intensity was still evident.
LIF mRNA has previously been observed in uterine endometrial glands at around the time of implantation (Bhatt et al,, 1991; Smith et al., 1992) . During this period and at least up to 8.5 dpc, expression of the LIF-R and gpl30 genes was also apparent in these glands.
Intriguingly, the epithelium lining the uterine lumen was positive for LIF-R mRNA at all the stages studied ( Fig. 4A,D) , whereas there was no obvious concentration of gp130 signal in this region (not shown).
Expression of the LIF-R and gp130 mRNAs in headfold stage embryos
By 8.5 dpc transcripts encoding both LIER and gp130 could be seen in many of the embryonic and extraembryonic tissues. Tissues exhibiting detectable levels of LIF-R mRNA included the neural tube, amnion, visceral yolk sac, somites and pre-somitic mesoderm (Fig. 4B,E) . By contrast, CNTF-R transcripts were restricted to the neural tube at this stage (Fig. 4C,F) . It was not possible, by in situ hybridisation, to detect LIF mRNA in any embryonic tissues at this stage, although the uterine endometrial glands were still positive.
Discussion
I. Znitiation of transcription of the genes for LIF, LIF-R and gp130
The RT-PCR data presented here indicate that the components of the LIF system are not present as maternal transcripts. Transcription of the LIF gene is detectable at the morula stage and LIF-R and gp130 mRNAs are apparent by the time cavitation occurs (Fig. 1) . The initiation of transcription at this stage in development is consistent with a function for this ligand-receptor system in the blastocyst.
Tissue-specific expression of LIF, LIF-R and gp130 mRNAs in the blastocyst suggests a paracrine interaction controlling maintenance of the stem cells in the KM
The formation of trophectoderm from the outer cells of the preimplantation embryo represents the first differentiative event in mammalian development (Tarkowski and Wroblewska, 1967) . Enclosed within the trophectoderm is the ICM, which comprises the pluripotential founder cells of the extraembryonic membranes and of the embryo proper. It is striking that these primary differentiation events coincide with the localised appearance of mRNAs encoding components of the LIF signalling system. The expression of LIF in the trophectoderm ( Fig. 2A) , and the complementary expression of receptor components in the ICM (Fig. 2B,C) suggest that a paracrine interaction is occurring in the blastocyst, such that the differentiated cells produce LIF, which activates receptors on the ICM. Consistent with such paracrine signalling, at least a proportion of the LIF mRNA present in the trophectoderm encodes the diffusible form of the cytokine.
Blastocysts which have been prevented from implanting by ovariectomy maintain the expression of LIF and the components of its receptor for at least 4 days (not shown). The expression of LIF and LIF-receptor components in the blastocyst is unlikely, therefore, to represent a direct response to maternal oestrogen. This contrasts with the situation in the uterus; expression of LIF in the endometrial glands is down-regulated when implantation is inhibited (Bhatt et al., 1991) . The maintenance of expression of LIF, LIF-R and gp130 in blastocysts undergoing delay is also consistent with a role for this signalling system in maintaining the stem cell pool.
Down-regulation of LIF and LIF-R associated with differentiation of the stem cells
A previous in situ hybridisation study has suggested the presence of LIF mRNA in the egg cylinder stage conceptus (Conquet and Bralet, 1990) . In the present report LIF transcripts were detected by in situ hybridisation in the extraembryonic region immediately after implantation (Fig. 3A,D) , but not in older embryos. By the more sensitive technique of RT-PCR, transcripts were detected in 6.5 dpc egg cylinders. This is consistent with earlier RNase protection data, which found low levels of LIF mRNA located in the extraembryonic part of the egg cylinder at 6.5 dpc and even lower levels at 7.5 dpc (Rathjen et al., 1990b) .
Embryonic expression of LIF-R and gp130 mRNAs is also down-regulated after implantation, suggesting that the requirement for LIF ceases as the pluripotential stem cells in the epiblast differentiate. It is possible that the down-regulation of the components of the LIF signalling system is a prerequisite for efficient differentiation.
After gastrulation, both components of the receptor are re-expressed in various differentiated cell lineages. LIF expression is not detectable, however, suggesting that at this stage LIF-R and/or gp 130 are mediating the activities of other member(s) of this group of cytokines. The congruent expression of LIF-R and CNTF-R in the developing neural tube at 8.5 dpc is supportive of this (Fig. 4C,F) .
Expression of the LIF signalling system in the endometrial glands of the uterus is consistent with an autocrine loop mediating control of uterine function
Expression of LIF mRNA in the uterus during early pregnancy has previously been found to be localised to the endometrial glands (Bhatt et al., 1991; Smith et al., 1992) . Immunohistochemical approaches have confirmed the presence of LIF protein in these structures (Yang et al., 1995) . The detection of transcripts for LIF-R (Fig.  4A,D) and gp130 in the endometrial glands provides evidence for a specific function for LIF within the uterus. The precise function of the endometrial glands is unclear. However, the co-localisation of LIF, LIF-R and gp130 mRNAs is indicative of an autocrine loop operating within these structures. It is probable that this underlies the essential requirement of uterine LIF for implantation (Stewart et al., 1992; Escary et al., 1993) .
A further feature of the expression pattern of LIF-R mRNA is localisation at all stages of pregnancy examined in the epithelium lining the uterine lumen (Fig. 4A,D) . It is interesting that this occurs in the apparent absence of co-expression of gp130. This could indicate that LIF-R can fulfil a signalling role in the epithelium without the involvement of gp130. Alternatively, LIF-R in this tissue may act purely as a binding protein which sequesters LIF (or related cytokines) and limits its activity.
Decidual expression of the LIF receptor
Relatively high levels of transcripts encoding gp130 are present in the deciduum surrounding the embryo after implantation (Fig. 3C,F) , and increase as gastrulation proceeds. LIF-R mRNA is also found in decidual tissue after implantation (Fig. 3B,E) , but the level subsequently decreases.
The function of LIF-R and gp130 in the deciduum is not known. They may play a role in decidual growth or maturation. At later stages LIF and several related cytokines have been shown to affect placental gene expression, primarily by regulation of hormone production (Sawai et al., 1995; Yamaguchi et al., 1995a,b) . A further possibility is that maternal LIF-R and gp130 may regulate embryonic development by modulating access of cytokine to the embryo. A diffusible form of LIF-R in the deciduum could potentially be involved in delivery of LIF to the embryo. LIF has been suggested to regulate the extent of trophoblast invasion during post-implantation development via an effect on protease activity (Harvey et al., 1995) . A role for LIF in the regulation of trophoblast growth and differentiation during human pregnancy has also been postulated (Kojima et al., 1995) . However, the findings that LIF-R mRNA is absent from the trophectoderm (Fig. 2B) , and that embryos lacking LIF-R or gp130 are able to implant (Li et al., 1995; Ware et al., 1995) indicate that this system is not required for trophoblast function during implantation in the mouse. It seems more likely, therefore, that LIF-R and gp130 may act to sequester maternal LIF in the deciduum. Previous studies have indicated that over-expression of LIF in the early embryo is detrimental to development, possibly due to uncontrolled proliferation of the stem cells (Conquet et al., 1992; Nichols et al., unpublished) .
It may, therefore, be important to prevent maternal LIF (or related cytokines) from reaching the embryo.
Maintenance of pluripotency in the early embryo
The results presented here show that transcription of LIF and the LIF receptor components is activated at the time of blastocyst formation, extends over the period in early development when pluripotential stem cells are produced, and is down-regulated prior to the onset of gastrulation. Interestingly, this period of expression corresponds to the stage of development during which it has been possible to derive ES cell lines. The inability so far to derive ES cells directly from embryos older than 5.5 dpc may be a consequence of down-regulation of the LIF receptor.
Any proposed role for signalling through LIF-R/gpl30 in early embryogenesis must be reconciled with the findings that LIF-deficient mice are viable (Stewart et al., 1992; Escary et al., 1993) and mutants lacking LIF-R (Li et al., 1995; Ware et al., 1995) or gp130 (Yoshida et al., 1996) can develop normally until late-gestation. The activity of this ligand/receptor system, therefore, appears to be dispensable, at least in the context of animals maintained in a controlled environment.
It is probable that an alternative ligand-receptor system is responsible for the basal production and amplification of pluripotent cells in the early embryo.
However, the transient expression, together with the specific localisation of LIF to the trophectoderm and the receptor components to the undifferentiated cells suggests involvement in regulation of the stem cell pool. It is possible that under normal conditions the transit of cells through the pluripotential compartment is sufficiently rapid not to require a signalling system whose principal function, at least in vitro, is the maintenance of the stem cell pool. The function of LIF may be in adaptive responses, such as the modulation of growth and differentiation in response to insult or damage, or the fine synchronisation of embryo development with uterine receptivity. In this regard, it is notable that expression of the LIF signalling system is maintained in mice undergoing delay. It will be of interest to determine whether the normal plasticity of the stem cell compartment is altered in embryos deficient in LIF-R and/or gpl30.
Experimental procedures
I. Animals
Mice of the MFl outbred albino strain were used for the supply of all tissues. Pregnant females were obtained by natural matings of animals maintained on a cycle of 14 h of light and 10 h of darkness. The females were caged with stud males overnight; mice exhibiting a vaginal plug the following morning were considered to be 0.5 days pregnant by noon. For the production of delayed implantation blastocysts the ovaries were removed from females 2.5 days after mating, and 2.5 mg of Depo Provera in phosphate buffered saline were injected subcutaneously.
Processing of embryos
Preimplantation embryos were flushed from either the oviduct or the uterus, depending upon the stage, and transferred to dissected host oviducts for ease of handling if destined for in situ hybridisation, or snap frozen for the extraction of RNA if required for RT-PCR. Postimplantation embryos were retained in the uterus for in situ hybridisation, or dissected free of all decidual tissue, Reichert's membrane and ectoplacental cone (EPC) for Table I J. Nichols et al. /Mechunisms ofDevelopment 57 (1996) 123-131 Primers used for RT-PCR and the size of their amplification products RT-PCR. Embedding in paraffin wax and sectioning at 5,um were carried out as described in Wilkinson and Green (1990) .
RT-PCR
Samples for amplification were taken from one-cell and two-cell embryos, morulae, blastocysts of 3.5 and 4.5 dpc, postimplantation embryos of 5.5 and 6.5 dpc, and ES cells. RNA was extracted from these specimens as described by Chomczynski and Sacchi (1987) . The RNA was resuspended so that each microlitre contained the equivalent of ten preimplantation or three postimplantation embryos. Aliquots of 1~1 were used for each reaction. Primers were selected from separate exons of LIF, LIF-R and gpl30 to amplify cDNA sequences of 300-500 bp (Table 1) . RT-PCR was performed using a program of 30 cycles, consisting of 30 s each at 94°C 55°C and 72"C, followed by a 5 min extension period at 72°C. Amplification products were resolved by agarose gel electrophoresis and their identity confirmed by hybridisation to [32P]dCTP-labelled fragments selected from the appropriate regions of the cDNAs.
The technique of RT-PCR was necessary for the detection of transcripts prior to blastocyst formation because the presence of dark granules in the cytoplasm of early preimplantation embryos obscured autoradiographic signals. The nature of these background granules is uncertain; they are unlikely to represent pigment, since the embryos used were derived from albino mice. No attempt was made to quantify the RT-PCR, since the objective of this part of the study was to establish the time at which expression of the LIF, LIF-R and gp130 genes begins. Krieg and Melton (1987) . A 650 bp probe complementary to the entire LIF coding region was transcribed with T7 polymerase from plasmid pDR1 (Rathjen et al., 1990b) . A sense control probe was prepared by transcribing from the T3 promoter. The LIF-R probe was synthesised from a plasmid containing part of the mouse LIF-R cDNA encoding amino acids 196-515 of the extracellular region. For the detection of gp130 mRNA, probes were synthesised from a plasmid containing the entire gp130 coding region. A probe specific to the cytoplasmic domain (330 bp) was prepared by cleavage at an internal BamHI site. A second gpl30 probe, corresponding to the entire coding region (2.9 kb), was also prepared. After labelling, this probe was partially hydrolysed as described (Wilkinson and Green, 1990) . Both gp130 probes yielded identical data. A mouse CNTF-Ra cDNA fragment equivalent to codons 15&287 of the rat CNTF-Ra sequence was cloned from adult brain cDNA by RT-PCR using oligonucleotides based on the published rat and human CNTF-Ra sequences (Ip et al., 1993) . Subsequent cloning and sequencing confirmed the identity of this fragment, which was used to prepare a CNTF-Ra probe.
In situ hybridisation
In situ hybridisation was performed essentially as described by Wilkinson and Green (1990) with some modifications. Firstly, a pre-hybridisation step was included in which the slides were incubated for 2 h in the hybridisation mix at 55°C. Subsequent hybridisation was also carried out at 55°C. The stringency of the post-hybridisation washes was increased by incubating the slides for 1 h at 70°C. The purpose of these alterations was to reduce the level of background hybridisation and so aid detection of low levels of gene expression. For 35S probes an exposure time of 6 weeks was required for optimal signal; for 33P probes, 10 days were sufficient. After developing, slides were stained with methyl green, mounted with DPX and observed and photographed using an Olympus Vanox microscope.
Northern analysis
RNA was separated on a 0.66 M HCHO, 0.8% agarose gel and blotted on to nylon membrane. Hybridisation was performed as described (Church and Gilbert, 1984) with a probe corresponding to codons 85-1097 of mouse LIF-R cDNA. The probe was labelled by random hexamer primed DNA synthesis in the presence of [a-32PldCTP (3000 Ci/mmol). The final wash was in 40 mM sodium phosphate (pH 7.2), 0.1% SDS at 65°C.
